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Summary 

This study focuses on both the mechanisms and degree of 
wind erosion control that various residue levels provide. 
First, scale parameters of Weibull wind-speed distributions 
at meteorological stations were modified to predict friction 
velocity distributions at erodingfield sites. Simplified erosion 
prediction equations then were used to evaluate wind erosion 
on highly erodible, loose, sandy soils. Parameters for the 
erosion prediction equations were developed from wind tun- 
nel data on soil loss and threshold friction velocities at 
various residue levels. Erosion-control mechanisms of flat 
residue include restricting soil emission from the surface and 
increasing threshold wind speeds. A minimum of 30 to 60 
percent flat cover is needed to provide adequate control on 
highly erodible sands. The control level by flat residue can be 
increased by using short fields. Erosion-control mechanisms 
of standing residue include reducing the soil-surface friction 
velocity and intercepting saltating soil. Standing residue is 
more effective than flat residue, and 5 percent vertical silhou- 
ette area of standing residue per unit horizontal area pro- 
vides adequate erosion-control in low and moderate wind 
regimes. 

1. Introduction 

Crop residue affects the heat, mass, and momen- 
tum exchange between the earth's surface and the 
atmosphere. The focus in this paper will be on 
quantifying the reduction of momentum transfer 

* Contribution from USDA, ARS in cooperation with 
Kansas Agricultural Experiment Station, Contribution 
Number 95-41-J. 

to the soil by the intervening crop residue and the 
subsequent calculation of wind erosion. 

Currently, the effect of residue on wind erosion 
generally is assessed using the empirical relations 
in the Wind Erosion Equation (WEQ) (Woodruff 
and Siddoway, 1965). The WEQ uses type, orien- 
tation, and airdry mass of residue as inputs. 
However, new technology is being developed to 
predict wind erosion on a physical basis (Hagen, 
1991a), describing residue on the surface in terms 
of fraction of soil cover. Standing residues are 
described in terms of vertical distribution of leaf 
area and stalklstem silhouette area per unit hori- 
zontal soil surface area. These residue variables 
were selected, because they are related physically 
to level of wind erosion protection. Useful rela- 
tionships to convert standing stalk area to ran- 
dom surface cover were developed by Gregory 
(1982). 

The major data on residue effects on wind 
erosion come from wind tunnel studies. Among 
these data are soil loss measurements from a tray 
protected with various levels of simulated or real 
residue in a flat or standing orientation (Fryrear, 
1985; Lyles and Allison, 1981; van de Ven, 
Fryrear, and Spaan, 1989). The tray data often 
area presented as a ratio of protected-to-bare tray 
soil loss (SLR). Unfortunately, the SLR varies 
with the treatment wind speed (Siddoway, Chepil, 
and Armbrust, 1965). Little research has focused 
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on how SLR results should be interpreted to 
predict wind erosion on agricultural fields. 

Wind tunnel data also include measurements of 
the threshold friction velocities at which soil 
movement begins under various levels of surface 
protection (Marshall, 1971; Lyles and Allison, 
1976; Raupach et al., 1993). Again, little research 
has considered the use of these data to predict 
wind erosion. 

In order to interpret the wind tunnel data and 
ultimately determine the reduction in field wind 
erosion over time by various residue levels, one 
can follow a sequence of systematic steps. First, 
a climatic data base with the relevant wind infor- 
mation must be obtained from a meteorological 
station. Second, aerodynamic roughness of both 
the station and the field must be calculated from 
physical parameters that describe their respective 
underlying surfaces. Third, the magnitude of the 
wind distribution from meteorological stations 
must be modified, when a significant difference 
exists in surface aerodynamic roughness between 
the station and the field where erosion is to be 
assessed. Fourth, wind erosion rates must be de- 
termined from the total momentum transfer to the 
field surface by partitioningit between the soil and 
residue. Finally, wind erosion must be integrated 
over the wind regime of interest. 

The objective of this study was to illustrate 
wind erosion reduction caused by flat and stand- 
ing residue on a simple field for a range of wind 
regimes. 

2. Theory and Methods 

2.1 Wind Data Base 

The transport capacity of loose, saltating soil by 
wind is proportional to the wind power (i.e., wind 
speed cubed) for speeds above the saltation 
threshold (Greeley and Iverson, 1985). Because 
the transport capacity is highly sensitive to wind 
speed, a high quality wind data base is essential 
for assessing impact of residue on wind erosion. 

For the United States, researchers at Battelle 
Northwest Laboratory prepared a Wind Energy 
Resource Information System (WERIS) data base 
summarizing 900 locations (Elliot et al., 1987). 
The WERIS data base contains tables of joint 
wind speedldirection frequency by month. Using 
these tables, Skidmore and Tatarko (1991) ad- 
justed all wind speeds to a 10-m reference height, 

according to the following (Elliot, 1979) 

where u, and u, = wind speeds at height z, and z2, 
respectively. 

Next, they eliminated the calm periods and 
calculated scale and shape parameters for the 
Weibull distribution function (Apt, 1976) for each 
of the 16 cardinal wind directions by month. The 
Weibull probability density function of wind 
speeds, f (u), is defined by 

where u = wind speed (L/T), c, = scale parameter 
. (L/T), and k = shape parameter (dimensionless). 

Locations with less than 5 years of wind data 
were eliminated from the analyses. 

Weibull wind parameters over all directions at 
two sites in different wind regimes were selected 
for examples in this study, because each site has 
nearby, highly erodible, sandy soils. The sites were 
Lubbock, Texas in March (c, = 7.62 m/s, 
k = 2.60) and Wausau, Wisconsin in May 
(c, = 5.52, k = 2.49). 

2.2 Aerodynamic Roughness and 
Momentum Transfer 

In the atmosphere, an inertial sublayer (logarith- 
mic layer) occupies the zone from about twice 
the residue height upward to 15 percent of the 
boundary layer depth. In the inertial sublayer, the 
wind speed profile is described by (Panofsky and 
Dutton, 1984) 

where u(z) = wind speed at height z above soil 
surface (L/T), u, = friction velocity (L/T), k = von 
Karman's constant (0.4), z, = aerodynamic 
roughness length (L), d = displacement height (L), 
$ = thermal stability term (L/T) 

Under near neutral stability, which is typical 
with the high wind speeds during wind erosion 
events, $ is near zero. The friction velocity is 
related to the downward momentum transfer (7) 

as 
2 z = pu* 
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where 

p = air density (z) 
The friction velocity at the field drives the ero- 

sion process. Hence, it is necessary to determine 
the friction velocity distribution at the field. The 
shape parameter of the Weibull wind-speed dis- 
tribution calculated for the station will remain 
unchanged at the field, but the scale parameter 
often must be modified. By applying Eq. (3), the 
wind speed log-law, the scale parameter for fric- 
tion velocity, c,, at the station is 

where the subscript w denotes weather station 
parameters. 

When the roughness at the station and the field 
are significantly different, the station scale pa- 
rameter must be corrected. Panofsky and Dutton 
(1984) reviewed the necessity for such a correction 
and also provided equation to calculate it. For 
high winds and neutral stability, a numerical a p  
proximation of their equations gives 

A typical roughness length is zOw = 25mm at 
airport areas where meteorological stations often 
are located (Panofsky and Dutton, 1984). This 
value was used as the station roughness length in' 
calculating the results. 

The z, of the field surface can vary considerably, 
but erodible fields are generally smoother than the 
station surface. In a wind tunnel test, wheat 
stubble with 3.5mm mean diameter (D) was 
placed on a smooth sand surface in a flat, random 
orientation over the 16m length of the working 
section. The wind tunnel has a 1 S 2  x 1.82 m cross- 
section and has been described previously (Lyles 
and Allison, 1981). Measured values of zo/D in- 
creased from 0.08 to 0.16 as residue cover in- 
creased from 6 to 31 percent. These values 
represent the minimum roughness lengths that 
might be encountered with flat residue cover. 
Erosion increased the roughness of the surface. 
A z, of 5 mm was selected for flat cover and bare 
soil to calculate field results. 

The zo for standing residue generally scales with 
residue height, h, and increases slightly with resi- 
due diameter (Shaw and Pereira, 1982). The in- 
crease with diameter is caused by a corre- 
sponding increase in scale of eddies generated in 
the stalk wake. For stalks without leaves, the 
silhouette area per unit horizontal surface area 
(SAI) is 

SAI = nDh (8) 

where n = number of stalks per unit area (1/L2), 
D = stalk diameter (L), and h = stalk height (L). 

A prediction equation that relates z,/h to SAI 
and D is (Hagen and Arrnbrust, 1994) 

-- 
h - B ln(SA1) C 

A +  SAI 
+- 

S A1 

where A = 28.41 - 3.72 ln(D), B = - 3.052 + 
0.61n(D), C = - 8.33 + 1.54 1n(D) 

Obviously, the minimum value of zo from 
Eq. (9) is restricted to that of the underlying soil 
surface. An example of results from Eq. (9) was 
plotted and compared to data collected in other 
wind tunnels, as reported by Raupach (1992) 
(Fig. 1). The prediction equation and data are 
in reasonable agreement, particularly at  SAI 
less than 0.1, which is of most interest in wind 
erosion. 

2.3 Wind Erosion Prediction 

On agricultural soils, the genera1 wind erosion 
process can be modeled as the time-dependent 
conservation of mass with two sources of erodible 
material (emission and abrasion) and two sinks 
(trapping and suspension), Hagen (1991b). To 
reduce the complexity for this discussion, we will 
consider only a uniform field with a surface con- 
sisting mainly of loose-erodible sand. For such 
a system in quasi-steady state with one-dimen- 
sional flow, the conservation equations reduce to 
the form: 

where q = saltation discharge (MILT), x =dis- 
tance from upwind nonerodible boundary along 
wind direction (L), q, = saltation discharge trans- 
port capacity (M/LT), and c,, = emission coeffi- 
cient of bare sand (11L). 
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Fig. I. Predicted (Eq. 9) and measured (Raupach, 1992) aero- 
dynamic roughness as a function of standing residue silhou- 
ette area 

Although Eq. (10) is simplified greatly from the 
general erosion equations, it does represent an 
important segment of erosion problems in which 
crops are grown on sandy soils with little aggre- 
gate structure. Moreover, maintaining residue is 
frequently the only viable wind erosion control on 
such soils. Field measurements also demonstrate 
that on a simple field, Eq. (10) represents the 
saltation discharge (Stout, 1990). 

The solution for the simple field of length s with 
the boundary condition q(x = 0) = 0 is: 

Many variations have been proposed for saltation 
transport capacity equations (Greeley and Iver- 
son, 1985). For this study, one of the most-used 
was selected and has the form: 

where Cs = saltation discharge coefficient 
(MT2/L4), u*, = soil surface dynamic threshold 
friction velocity, i.e., threshold with saltation im- 
pacts, (J4-n 

By modifying two parameters, Eq. (1 1) also can 
be used to predict the saltation discharge on the 
simple field with flat residue cover. 

First, residue cover raises the threshold veloc- 
ity. To obtain values, wind tunnel measurements 

0 l 1 

0 0:l oh 0:3 0.4 0.5 C 
FFtACTlON FIAT RESIDUE COVER 

Fig. 2. Measured ratio of emission coefficients for covered 
and bare soils and dynamic threshold friction velocities as 
a function of flat residue cover 

were made of static threshold friction velocities, 
u,,, (i-e., threshold without saltation impacts) at 6, 
14,31, and 60 percent cover of flat random wheat 
stalks, and then the dynamic threshold friction 
velocity was computed as (Bagnold, 1941): 

The data were fitted to a prediction equation to 
give (Fig. 2): 

u,, = (0.5 + 0.96FC - 1.046~: + 0.433~:)' (14) 

where Fc = fraction of soil covered by flat residue 
cover. 

The u,, of the bare, 0.29-0.42mm-diameter, 
quartz sand was 0.26m/s, and the u,, increased 
nonlinearly with residue cover. / 

Second, the emission coefficient is decreased by 
the residue cover and a modified value can be 
calculated as: 

where C,,, = coefficient of emission for surface 
with flat residue cover (l/L), and C, = ratio of 
emission coefficients of covered to bare surfaces. 

Using data and equations reported by Lyles 
and Allison (1981) for soil loss from wind tunnel 
trays, soil loss as a function of cover was cal- 
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Fig. 3. Calculated sand discharge from a wind tunnel tray as 
a function of flat residue covers of various diameters (data 
from Lyles and Allison, 1981) 

culated (Fig. 3). At a constant fraction of cover, 
the results showed that soil loss increased some- 
what as residue diameters increased. For this 
study, the tray soil loss of the reference wheat was 
used to obtain values for q. Equation (1 1) then was 
used to compute C, at selected cover levels 
(Fig. 2). The u,, were used with the two lowest 
cover levels, whereas u,,, were used at the highest 
cover levels in calculating C,. The u,, was used at 
the highest cover levels, because the soil surface1 
was largely sheltered by the residue from saltation 
impacts. The sand grains have an average impact 
angle of about 12 degrees above horizontal 
(Hagen, 1991b). A prediction equation also was 
fitted to the calculated data to give: 

C, = 0.075 + 0.934 exp - (01:;) 
The preceding equations permit direct calcu- 

lation of the saltation discharge from a simple 
field with various levels of flat residue cover. 

For a simple field with sandy soil and standing 
residue, a similar analysis to that for flat cover was 
reported in detail by Hagen and Armbrust (1994). 
Only a brief outline will be presented here. In this 
case, the friction velocity and the threshold fric- 
tion velocities used in the saltation discharge 

equations are those at the soil surface below the 
standing residue. With this restriction, the salta- 
tion discharge can be modeled as: 

where q, = saltation discharge transport capacity 
without stalk interception (MILT), c,,, = emission 
coefficient with standing residue (l/L), and T= in- 
terception coefficient of standing residue (l/L). 

The interception coefficient for standing resi- 
due with the bulk of the saltation below the 
residue height is: 

SAI 
T = C , -  

h 

where C, = interception coefficient of individual 
stalks, value about 1. 

The basal area occupied by the standing residue 
is generally small, so c,,, differs little from that of 
the bare surface. For standing residue, we es- 
timated that emission is restricted for two residue 
diameters downwind, and c,, can be estimated as: 

/-- 

(1 - O.OOi3 D SAI) 
Cens = Cen r- (19) 

'J/vrc 

Finally integration of equation 17 over the 
field length, 1, with initial condition q(x = 0) = 0 
gives: 

Because the stalks do not affect q,, it can be 
estimated from the same transport capacity equa- 
tion used for the flat residue surface. To determine f 

the friction velocity at the soil, u,,, and cal- 
culate transport capacity, an empirical equation 
was fitted to data to give (Hagen and Armbrust, 
1994): 

Raupach (1992) reviewed the problem of drag 
partitioning among surface elements and devel- 
oped theoretical prediction equations. Those 
equations based on hemisphere data of Gillette 
and Stockton (1989) and cylinder data of Mar- 
shall (1971), along with predictions of Eq. (21), are 
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SAI 

Fig. 4. Predicted ratios of mean friction velocity on interven- 
ing soil surface to that above the roughness elements for 
standing cylinders and hemispheres as a function of their 
silhouette area 

shown in Fig. 4. The results indicate that tall, thin 
cylinders (standing residue, h/D > 5) provided less 
soil protection than short cylinders (h/D < 5) at 
low SAI, but more protection at high SAI. 

Finally, the wind climate interacts with the flat 
and standing residues to determine the overall 
level of protection. To determine average salta- 
tion discharge (Q) in a specific wind climate, one 
must integrate over the frequency distribution of 
friction velocities to give: 

where f (u,) = the probability density function of 
the friction velocity at the field surface. 

Because surface wetness may periodically in- 
crease u,, the value of Q from Eq. (22) overesti- 
mates erosion. However, one may assume that the 
fractions of time in which wetness reduces erosion 
are about equal on sparsely vegetated and bare 
sandy surfaces. Hence, the effect of residue on 
wind erosion can be characterized by the dimen- 
sionless erosion ratio (R,), 

where the subscripts v and b refer to the residue- 
covered and bare surfaces, respectively. 

I CLB LONG I 
.?I \ I WB. SHORT I 
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0 WAU. SHORT 

Fig. 5. Calculated ratio ok erosion from covered and bare 
sandy fields as,, a function of flat residue cover on long and 
short fields at ~ubbock, TX and Wausau, WI 

To calculate R, for standing and flat residues, 
a system of equations for various residue levels 
was entered into MATHCAD software (Mathsoft, 
1993) and numerically integrated. 

3. Results and Discussion 

3.1 Flat Residue Cover Protection 

In general, the erosion ratio, R ,  decreased non- 
linearly as flat residue cover increased (Fig. 5). 
Flat cover reduces wind erosion by three mechan- 
isms. First, it increases the static threshold veloc- 
ity at which erosion begins compared to the bare 1 

surface. Second, as wind speed increases above the 
threshold, the transport capacity is restricted by 
an increased dynamic threshold velocity, on the 
covered surface compared to the bare surface. On 
long fields, these two mechanisms act to reduce the 
overall transport capacity of soil by effectively 
reducing the portion of wind energy available for 
soil movement. 

The absolute difference between static and dy- 
namic threshold friction velocities increases as flat 
cover increases. The probable explanation is that, 
once sand grains are emitted and begin saltating, 
they increasingly impact on residue cover as the 
cover increases. The saltating grains rebounding 
from cover likely retain more kinetic energy than 
grains striking the sand surface, because they are 
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rebounding from a solid surface in a region sub- 
ject to the maximum wind stress. Conversely, the 
emission coefficient is reduced, because the soil 
surface is sheltered from both the grain impacts 
and wind stress. 

The third erosion reduction mechanism occurs 
only on short fields. On short fields, i.e., short 
distance along the wind direction, the reduction in 
the emission coefficient with increasing cover also 
contributes to a reduction in R,. This occurs 
because the cover increases the downwind dis- 
tance needed to attain transport capacity. Thus, 
on short fields, the bare field will be closer to 
transport capacity than the covered field. The 
distance to transport capacity, s,,,, on bare, 
sandy fields is typically 50 to 200m. The short- 
field results in Fig. 5 are for field lengths of 0.4 s,,,. 
When flat cover is the major erosion-control 
mechanism for a sandy field, there appears to be 
significant value in using trap strips, wind bar- 
riers, or other devices to periodically trap the 
saltating soil and keep the effective field length 
short. This allows the mechanism of reduced 
emission coefficient to contribute to erosion con- 
trol. It also helps prevent burial of the exposed 
residues. 

Flat cover fractions less than 0.05 are prob- 
ably of little value in controlling wind erosion on 
highly erodible sands. Also, flat residues must 
remain on the field surface during erosion to be 
effective. Thus, leaves and other low density resi- 
due that are not anchored may not contribute 
significantly to the effective portion of the flat 
cover. 

3.2 Standing Residue Protection 

For standing residues, the erosion ratio decreased 
non-linearly with increasing silhouette area index, 
SAI, of the residue (Fig. 6). The conditions illus- 
trated are for cylindrical residue, uniformly 
spaced, with a height of 200 mm and a diameter of 
20mm. Although a flat cover fraction of 0.05 
provided little protection, the same residue stand- 
ing to provide an SAI of 0.05 was highly effective 
in reducing wind erosion. The major erosion- 
control mechanism of standing residue is to re- 
duce the friction velocity at the underlying soil 
surface below the threshold friction velocity. 
Thus, the surface does not erode, except during 
the fastest winds. 

Fig. 6. Calculated ratio of erosion from covered and bare 
sandy fields as a function of standing residue silhouette area 
with saltation interception (T > 0, wind crossing rows) and 
without (T = 0, wind parallel rows) at Lubbock, TX and 
Wausau, WI 

During the fastest winds, the transport capacity 
is reduced, compared to the bare surface, and 
a portion of the saltating material is intercepted 
by the stalks. The effect on R, of interception by 
stalks is shown by the difference between the 
T = 0, (no interception) and T > 0 (interception) 
lines in Fig. 6. When wind direction is parallel to 
the crop rows, T approaches the minimum value. 

The standing residue had little effect on the 
surface emission coefficient. Hence, for both the 
covered and bare surfaces, the downwind distance 
to reach transport capacity was about equal. As 
a result, field length did not affect R,. Further, 
very low amounts of standing residue may cayse 
a local acceleration of the friction velocity and, 
thus, increase R, slightly above 1. 

As noted, the results (Fig. 6) are for a uniformly 
spaced residue. However, residues in the field 
typically are not uniformly spaced, because of 
selected row-spacings and lodging caused by har- 
vest and decomposition. Although studies are not 
available to assess the impact, a high degree of 
nonuniformity in spacing undoubtedly will pro- 
mote interference among residue wakes and, thus, 
reduce erosion control by standing stubble. 

Winds parallel to the row direction also may 
channel the flow and increase the friction velocity 
at the surface. Attempts to study this phenomenon 
in wind tunnels have largely failed, and outdoor 
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experiments appear necessary to quantify the 
effects. Hence, the R, in Fig. 6 should be viewed 
as the best attainable with a given level of standing 
residue in the selected wind regimes. 

4. Conclusions 

Erosion-control mechanisms of flat residue in- 
clude restricting soil emission from the surface 
and increasing threshold wind speeds. A minimum 
of 30 to 60 percent flat cover is needed to provide 
adequate control on highly erodible sands. The 
control level by flat residue can be increased by 
using short fields. 

Erosion-control mechanisms of standing residue 
include reducing the soil surface friction velocity 
and intercepting saltating soil. Standing residue is 
more effective than flat residue, and 5 percent 
vertical silhouette area of standing residue per 
unit horizontal area provides adequate control in 
low and moderate wind regimes. 
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